Nuclear magnetic resonance spectroscopy of molecules aligned in nematic liquid crystalline media provides information on the molecular structure and order parameters. The partial alignment of the molecules in the liquid crystalline phases gives rise to residual intramolecular dipolar couplings which are dependent on internuclear distances, and therefore yield information on the structure of molecules. The dipolar couplings are in general large compared to chemical shifts, and the spectra become rapidly complex with the increase in the number of interacting spins and decrease of symmetry of molecules. In this article, the procedure for the analyses of such spectra is outlined in a pedagogical manner. The concept of the order parameter is illustrated in a phenomenological way. The utility of the technique and obtainable information is demonstrated using practical examples.
INTRODUCTION
Ž . Nuclear magnetic resonance NMR spectroscopy provides information on molecular structure, conformation, and dynamics. This information can be derived from such parameters as chemical shifts Ž .
Ž . ␦ 's , indirect spin᎐spin couplings J 's , direct 
Ž .
1 . The line positions and line intensities in the high-resolution NMR spectra of diamagnetic materials in liquid or solution states depend only on chemical shifts and indirect spin᎐spin couplings, and information on the molecular structure is obtained using these parameters. The dipolar couplings arise because of the through-space interaction of nuclear dipoles, and for most of the molecules this interaction vanishes in the liquid state at the magnetic field strengths of several tesla normally employed, because of the rapid isotropic tumbling motion of the molecules. This is because the dipolar interaction is proportional Ž this internuclear vector makes with respect to the magnetic field direction that vanishes for rapid isotropic molecular orientations. One advantage of such an averaging process is that it results in simplified spectra; the disadvantage is that the dipolar information is lost and does not give additional information on the molecular geometry. In solids, both intra-and intermolecular dipolar couplings are present, resulting in broad and featureless spectra. The dipolar coupling information is usually extracted from the line-width measurements, and hence the derived information on the molecular geometry is less precise.
In an intermediate state where there is sufficient translational mobility between molecules, the intermolecular dipolar couplings are averaged to zero. If at the same time there are molecular orientations that are not equally probable resulting in a restricted ordering, then the averaged intramolecular dipolar couplings are nonzero. In such cases, it is possible to get well-resolved spectra containing dipolar coupling contributions, which in turn provide geometry information with high precision.
Such an intermediate phase between solids and liquids can be realized by dissolving the solute molecule to be studied in a liquid crystalline solvent. A typical example of the difference in the appearance of NMR spectra of an organic molecule in liquid, liquid crystalline, and solid phases is shown in Fig. 1 .
The object of this article was to provide a pedagogical introduction to liquid crystals and the analyses of the NMR spectra of molecules oriented in such phases. Further, interpretation of the dipolar couplings in terms of structure and orientation of the molecules is discussed using practical examples. However, discussion of this 1 technique is restricted to spin-nuclei in this 2 article.
LIQUID CRYSTALS
Materials that exhibit liquid crystallinity combine the flow properties of liquids and the optical Ž . properties, such as birefringence, of crystals 2᎐4 . The liquid crystals are broadly classified into two types, viz., thermotropic and lyotropic. In ther-Ž motropic liquid crystals generally materials with . elongated molecules , the liquid crystalline phase, also called the mesophase, arises over a well-defined range of temperatures.
The thermotropic liquid crystals are further classified as nematic, smectic, and cholesteric, depending on the arrangement of molecules and the degree of order. In nematics, molecules are preferentially aligned such that their long axes are arranged parallel to each other. The preferred orientation of the long axes of the mol- . Ž . wt% in the liquid crystal ZLI-1114, and c isotropic solution state in the solvent CDCl . All spectra were 3 recorded at ambient temperature on a Bruker DRX-500 NMR spectrometer under identical conditions. Note in this unusual example that the width of the solute in the solid state is lesser than in the anisotropic medium.
ecules is generally referred to by a unit vector called the ''director,'' usually denoted as n. In smectics, molecules are arranged parallel to each other and are separated into layers such that their long axes preferentially point in the same direction. Smectics are further classified into smectic A, smectic B, smectic C, etc., depending on the molecular arrangement within and between the layers. Cholesterics are special examples of nematics and are formed by optically active molecules. Molecules in cholesterics are arranged parallel to each other with a continuous displacement of the director such that the overall displacement follows a helical path. An ideal view Ž . of different thermotropic liquid crystal phases 4 is shown in Fig. 2 .
Lyotropic liquid crystals are obtained by a mixture of two or more components, one of which is amphiphilic and the other which is generally po- Ž . smectic B, and e smectic C.
Ž
.Ž. lar usually water 5 . In some cases, nonpolar organic solvents such as alkanes are used instead of water. Amphiphilic compounds have two distinct groups: hydrophilic and lipophilic. The hydrophilic group of the molecule is soluble in a polar solvent such as water. The lipophilic group of the molecule is soluble in nonpolar solvents. Since most times water is used as a polar solvent in lyotropics, lipophilic groups are generally referred to as hydrophobic. Depending on the hydrophobic and hydrophilic parts, the amphiphilic compounds exhibit remarkable solubility properties. They can be predominantly hydrophilicᎏthat is, water soluble and hydrocarbon insolubleᎏor predominantly lipophilicᎏthat is, water insoluble and hydrocarbon soluble.
At extreme dilution, the amphiphilic compounds are distributed randomly throughout the solution. As the concentration of the amphiphilic molecules is increased, molecules start aggregating. At a concentration known as critical micelle concentration, aggregates of the molecules begins to form stable entities known as micelles. In the micellar form, the nonpolar hydrocarbon chains occupy the interior of the micelles and the polar head groups occupy the outer periphery of the aggregates. It is very interesting to note that the head groups are placed in such close association that the hydrophobic part is completely out of contact with water. The micelles do not have a fixed shape. They are statistical in nature. They fluctuate constantly in size and shape in response to temperature and concentration.
A very good example of this lyotropic phase is common soap. Common soap is sodium dodecylsulphate, where sulphate is the head group and the hydrocarbon chain with 12 carbon atoms forms a tail group.
With different proportions of amphiphilic compounds in water, a variety of lyotropic liquid crystal phases are observed and are accordingly classified depending on the alignment of molecules in these phases. Details of the various lyo-Ž . tropic phases are available in the literature 5, 6 .
Choice of Liquid Crystal as a Solvent
Lyotropic liquid crystals serve as appropriate solvents generally for the study of polar molecules and ions. For other systems, work is usually undertaken in thermotropic liquid crystals. Our discussion in the remaining part of this article is restricted to thermotropic liquid crystals.
Of the three different types of thermotropic liquid crystals, nematics are the least ordered and generally precede the isotropic transition temperature. Thus, nematics, because of high mobility, are more commonly used as solvents in NMR studies. Smectic phases are rarely used. The reason for this may be due to their very high viscosity. Cholesterics also are not routinely used as solvents in NMR studies, probably owing to difficulty in their alignment. On the other hand, studies using cholesterics, however, may provide Ž . information on the optically active solutes 7᎐10 .
There are several thermotropic liquid crystals available for NMR studies. The molecular structures and transition temperatures of a few typical thermotropic nematics commonly used as solvents in NMR are given in Fig. 3 . However, the choice of the liquid crystal for a particular study depends on the solubility of the solute.
Solute Molecules in a Nematic Phase
A nematic phase has a long-range orientational order. That is, the long axes of the molecules tend to align parallel to each other. The orientations of the long axes of all the molecules are not the same. Hence, the ensemble average of all possible alignments of the long axes is not zero, and there is a preferential orientation along a particular direction. This phenomenon causes the liquid crystal molecules to exhibit an orientational or- der. Furthermore, nematics generally exhibit cylindrical symmetry along the director. Because of this, measurement of any property of this phase ᎏsuch as magnetic susceptibility, polarizability, etc.ᎏwill exhibit one value parallel to the symmetry axis and another value in all directions perpendicular to the symmetry axis. For example, Ž . if the magnetic susceptibility is measured, Ž . Ž . along and orthogonal to the symmetry I H Ž . axis, then ⌬ s y is finite. Thus, the I H bulk properties of these molecules are anisotropic. At the microscopic level, these molecules are mobile, and the mobility can be compared to that of a liquid. That is, the centers of mass of the molecules are distributed at random throughout the volume. In other words, these molecules do not have any translational order. For a small solute molecule dissolved in a nematic phase, the anisotropic environment of the liquid crystal provides an orientational order and a high degree of mobility, i.e., a translational disorder. Consequences of these phenomena are the presence of finite intramolecular dipolar couplings between the spins of molecules and the averaging of all intermolecular dipolar couplings to zero. The proton NMR spectrum of such a sample then generally consists of sharp lines arising from dissolved, relatively small molecules riding over a broad background of a large number of resonances arising from the liquid crystal protons. The sharp lines obtained from the solutes in nematics result from the orientation of the director in the magnetic field. However, it should be pointed out that not all liquid crystals align in the magnetic field. In such cases, broad lines are observed. An example could be a smectic A liquid crystal possessing a high-temperature nematic. Initially, the solute molecules give rise to broad lines. When the sample is heated and cooled to the nematic phase, keeping the sample in the magnet results in sharp lines for the dissolved solute molecule. Furthermore, in general, the degree of order of the solvent is high and that of the solute is low. Thus, the spectra of the solute clearly separates out into sharp, well-resolved lines from the background of the solvent. However, in the unusual example, the dissolved solute molecule exhibits high order and its magnitude is Ž . comparable to that of a solvent 11 . Even in such a case, sharp lines are observed. This fundamental difference of getting well-resolved lines dominated by dipolar couplings, compared to solids and liquids, is the basis of the NMR spectroscopy of molecules aligned in liquid crystals.
HAMILTONIAN OF THE ORIENTED SYSTEM
To understand how dipolar couplings are manifested in the NMR spectrum of oriented systems, We can now define the order parameter, which is nonzero in the nematic phase and vanishes in the isotropic phase. The identification of the appropriate order parameter for nematic liquid crystals is aided by a consideration of the observed structure and symmetry of the phase. The nematic phase usually exhibits cylindrical symmetry. We can denote this cylindrical symmetry axis as the director. The anisotropic property of the nematics arises because of the tendency of the rodlike molecules to align with their long axes parallel to Ž . the director, as shown in Fig. 4 A . At finite temperatures, the thermal motion of the molecules prevents perfect alignment with the director, and the orientations of the molecules are in fact distributed.
Let us look at the orientation of any single molecule with respect to the director. Let the director lie along the Z-axis of a fixed rectangular coordinate system. The orientation of the rodlike molecule can then be described using three Eule-Ž . rian angles, i.e., , , and , as shown in Fig. 4 B . Here, and correspond to the rotation of the molecule along the axis of the cylinder and the azimuthal direction, respectively.
Because of cylindrical symmetry, there is no ordering in the angles and . Thus, we are left with only the parameter for which a degree of order can exist. When all alignments of the molecules are considered, the state of alignments of the molecules can be described by a function Ž . Ž . of , i.e., f 15 . The simplest function one can then think of is to take the average of the projection of all molecules along the director, i.e., ² : cos . However, the integral of this function vanishes over all possible values of , because Ž . Ž . f s f y . Thus, we must resort to higher orders of this function. The first such function ² 2 : giving a nontrivial answer is cos . For the situation when s 0, all molecules are fully aligned along the director; thus,
If the orientation is entirely random, then all values of are equally likely and
In any order-disorder problem, the convention followed is that the maximum value of the order is taken to be 1 when the system is completely ordered, and zero when the system is disordered. w x w x To satisfy these two conditions, Eqs. 11 and 12 can be combined as
. w x S s 1r2 3 cos y 1 1 3
This gives S s 1 and y0.5 for the preferential alignment of the molecules in the direction parallel and perpendicular to the director, respectively. For any intermediate orientation, S varies between 1 and y0.5. S is therefore a measure of the order. The orientation of the director of the liquid crystal in the magnetic field depends on the sign Ž . of the diamagnetic susceptibility anisotropy ⌬ of the liquid crystal. If ⌬ is positive, the director aligns parallel to the magnetic field, and it is orthogonal to the magnetic field if ⌬ is negative.
The Order Parameter of a Molecule Aligned in a Nematic Phase
When the solute molecule is dissolved in a nematic phase, it will be aligned by the neighboring nematic molecules, and this alignment will also be characterized by an order parameter S. For any rigid molecule of an arbitrary shape, if nuclei i and j belong to the same rigid part of the molecule, the order parameter can be described by a 3 = 3 matrix, S . Let us assume that the 
This ordering matrix is symmetric and traceless and has five independent elements, viz., S ,
Order Parameter and Molecular Symmetry
The S values of different molecular axes are i j interdependent. Depending on the symmetry of the molecule and the suitable choice of the coordinate system, the number of independent elements of the ordering matrix required to describe molecular orientation varies from zero to five. A table of the number of independent nonzero elements of the ordering matrix that describes the orientation of the molecules with different point w x group symmetry is available in the literature 4 . A few examples of molecules with different symmetry are described below.
Molecules with tetrahedral or cubic symmetry Ž . do not orient S value is zero even in an anisotropic environment, and hence, the dipolar couplings in such systems average to zero. However, in actual practice, there are minor distortions in the symmetry and dipolar splittings are observed. In the example of the methane molecule shown in Ž . Ž . tral splittings in the tetrahedral molecules have been discussed in the section on the vibrational corrections to the molecular geometry.
Molecules possessing a point group symmetry D , C , and a higher axis of symmetry require point group symmetry, the number of independent elements required to describe the orienta-Ž . tion reduces to two. 
Order Parameter and Experimental Conditions
The ordering of the molecule in the nematic phase depends on the temperature and solute concentration. As the concentration of the solute is increased, the ordering generally decreases unless there are solute᎐solvent interactions. Similarly, ordering generally increases with a decrease in temperature. It is interesting to point out that in a study on the molecule methanol oriented in the liquid crystal 4-n-octyloxybenzoic acid, unusual orientational behavior has been observed Ž . 18 . The order parameter has been measured as a function of temperature and at two different concentrations. There is no steady increase of the order parameter with a decrease in temperature, but the plot of the order parameter as a function of temperature goes through a maximum. This unusual behavior of methanol is interpreted as due to association. Any change in the order parameter results in a change in the strength of the dipolar interaction. Hence, the spectra of the given molecule in a particular liquid crystal are not the same when recorded at different temperatures or concentrations.
MATERIALS AND METHODS

Preparation of the Solution
Solutions are prepared by mixing appropriate amounts of solute and solvent. Solute concentration is maintained such that the liquid crystallinity is not destroyed and it is usually 7᎐8 wt%. The solutions are homogenized by repeated heating of the mixtures to the isotropic phase and then cooling back to the nematic phase, with physical shaking or vortex mixing. It should be noted that inhomogeneities as a result of temperature or concentration gradient within the sample provide spectra with differential line broadening. This differential line broadening is in addition to inhomogeneity of the external magnetic field. In normal superconducting magnets, inhomogeneity due to the external static magnetic field can be reduced by spinning the sample about the vertical axis without destroying the orientation. Typical line widths around 1᎐2 Hz can be obtained for the proton spectra, depending upon the choice of the liquid crystal, experimental conditions, and preparation of the sample. It is appropriate to mention that when the nematic liquid crystal Ž ZLI-1167 an eutectic mixture of propyl, pentyl, . w Ž .x and heptyl bicyclohexyl carbonitrile 
Identification of the Spin System
As mentioned earlier, the dominant parameters in the NMR spectra of oriented molecules are usually intramolecular dipolar couplings. As far as the nomenclature of the NMR spectra is concerned, it is identical to that followed in conventional high-resolution NMR studies in liquids. However, the definition of weak and strong coupling in the spectra of oriented molecules depends on the strength of both the dipolar couw Ž . x plings D dir 's and the indirect spin᎐spin cou- tra. The strength of the dipolar couplings may usually vary from a few hertz to a few kilohertz. The spectra may therefore be very complex, with a spread of several kilohertz, and are generally strongly coupled, particularly in the thermotropic nematic liquid crystals normally used unless het-Ž . eronuclei are involved 19, 20 . The second important difference is that a group which is magnetically equivalent and provides a single resonance line in the isotropic phase gives rise to a multiplicity of lines in oriented systems. For example, in benzene in the isotropic phase, all six protons have the same chemical shift, and also the indirect spin᎐spin couplings do not affect the spectrum, giving rise to a single resonance line compared to a complex spectrum in the oriented phase. The spectrum of benzene is designated as AA
XXXXX . Furthermore, if all nuclei within a magnetically equivalent group are equally coupled to one another, the group is called ''fully equivalent.'' Such a group is denoted as A , where
n is the number of fully equivalent spin-nuclei. group, give rise to a singlet in the isotropic phase because indirect spin couplings between the equivalent protons of the methyl group do not influence the spectrum. In the anisotropic phase, the nomenclature of the spin system is A and 3 the dipolar couplings between the protons of the methyl group, although equal between any two methyl protons, result in a triplet with the intensity ratio of 1:2:1.
Ž . The molecules with a ''tetrahedral Td '' or higher symmetry in general should not orient and must give a single resonance line in both the isotropic as well as oriented phases. However, as mentioned earlier, a multiplicity of spectral lines are observed in such systems in the oriented phase. ple, for systems with five, six, seven, and eight interacting spins, there are 210, 792, 3003, and 11,440 allowed transitions, respectively. Hence, for every addition of an interacting spin, the number of allowed transitions increases by nearly fourfold. Beyond eight interacting spins, the spectra usually become too complicated and the analysis will be tedious. However, in the literature there are several examples where the spectra of nine and 10 interacting spins have been analyzed Ž . 21᎐24 . The first-order analyses of the spectra similar to those of liquids are generally not possible, and one has to diagonalize the Hamiltonian numerically, adapting least-square-fit techniques using computers. Several iterative computer programs suitably modified by the inclusion of the dipolar coupling parameters are commonly used.
Analyses of the Spectra
Analyses of the Spectra Using a Computer Program
The programs normally employed are named Ž . LAOCOONOR 25 and an NMR spectrometer manufacturing Bruker version of the program PANIC. The starting parameters for the iterative analyses of the spectra are the chemical shifts, indirect spin᎐spin couplings, and direct dipolar couplings. The dipolar couplings and chemical shift parameters are unknown for an oriented system. However, starting parameters for the chemical shifts and indirect spin᎐spin couplings are usually taken as values in the isotropic media. The dipolar couplings are calculated assuming the molecular geometry and certain guessed values for the orientational tensor components. Using these dipolar couplings, a spectrum is simulated. When there is visual resemblance of the simulated spectrum with the experimental one, certain specific experimental lines are assigned to theoretical ones and the parameters are varied iteratively. The iteration procedure is continued until all experimental lines are assigned to the simulated ones and the root-mean-square error between the calculated and experimental line positions reaches a global minimum. The strategy adapted for the analysis of the spectra is shown in the form of a flowchart in Fig. 6 . A program Ž . called XSIM 26 works on SUN, SGI, and RS6000 computers.
Alternate Strategy for Analyses of the Spectra
In the iterative strategy discussed above, the analysis can at times be tedious if the spectra are very complex. Basic ingenuity lies in the judicious choice of the starting parameters. The trial spectrum computed should closely resemble the experimental spectrum such that a sufficient num- ber of transitions can be assigned for subsequent iteration and refinement of the parameters. It is the intuition, experience, and, at times, also the luck of workers in the field that the trial spectra can be simulated with reasonable resemblance to the experimental one so that the complicated spectra can be analyzed. To overcome the tedium Ž of such analyses, a program called DANSOM 27, . 28 has been developed for automatic analysis using an alternative strategy which does not require line assignments. These methods always make use of the full information content of an NMR spectrum, i.e., the total line shape. This information is supplied to the computer as the n-dimensional vector S of digitized signal intensities S which are ordered according to increasing i or decreasing discrete frequencies . The basic i algorithm relies on a matrix method derivable from a generalized formulation of the leastsquares problem. Details of the theoretical basis of this automatic analysis are available in the Ž . literature 29 and are too voluminous to discuss in this article. However, it is important to note that these programs circumvent the tedium of line assignments, and in many cases are found to yield satisfactory results. The programs dedicated Ž . to the NMR instrument, called WIN-DAISY 30 Ž . and PERCH 31 , are now available and work on PC's equipped with Windows NT and Windows 95, respectively. The programs call the experimental spectra directly onto the PC from the spectrometer, and automatic analysis is carried out by varying over a wide range, iteratively, all parameters defining the spectrum.
Comment on the Heteronuclear Indirect Spin -Spin Couplings w x
In the Hamiltonian given in Eq. 1 , the first and the second terms contribute to the diagonal elements, and the third term to the off-diagonal elements of the matrix. The chemical shift separation between the heteronuclei is of the order of megahertz, whereas the dipolar and indirect spin᎐spin couplings are several orders of magnitude smaller. Consequently, the contributions of off-diagonal elements to the transition frequencies are negligible. Therefore, such spectra are Ž . essentially influenced by J q 2 D dir . Hence, Normally, the indirect spin᎐spin couplings determined from the spectra in the isotropic media are used to derive direct dipolar couplings. However, for the precise determination of heteronuclear J i j in the anisotropic medium itself, the technique of mixed liquid crystals of opposite diamagnetic Ž . anisotropies 32, 33 is used, and the methodology is discussed below.
USE OF MIXED LIQUID CRYSTALS OF OPPOSITE DIAMAGNETIC SUSCEPTIBILITY ANISOTROPIES
Depending upon the sign of the diamagnetic susceptibility anisotropy of the liquid crystal, the preferential orientation of the director is along or orthogonal to the magnetic field, and the sign of the S value can be either positive or negative, w x respectively. From Eq. 10 , it can be seen that dipolar couplings will have opposite signs depending on the sign of the S value. It has been Ž . observed 32, 33 that the dipolar couplings in a mixture of liquid crystals of opposite diamagnetic susceptibilities anisotropies vary gradually with the relative concentration of the solvents. However, near critical concentration, there is an abrupt change in the value of the dipolar couplings to half or twice, with opposite signs depending on the direction of approach of the critical point. That means the orientation of the director changes from either parallel to perpendicular orientation, or vice versa. A close examination of the results in the vicinity of the critical point reveals the coexistence of two spectra corresponding to both orientations of the director of the liquid crystal along and orthogonal to the magnetic field. A variation of the temperature near the critical concentration also may result in the coexistence of two spectra.
At the critical point, where the spectra are coexisting, the dipolar couplings due to one orientation are not independent of the other and are related by a factor of two or half with opposite signs. When the heteronuclei are involved, although the spectrum in each orientation is influ-Ž . enced by the sum of J q 2 D dir , the fact that
INTERPRETATION OF DIPOLAR COUPLINGS
The dipolar couplings derived from the analyses of NMR spectra are subsequently to be interpreted in terms of molecular structure and orientation. Therefore, it implies that the measurable dipolar couplings should be at least equal to the total number of S values and structural parameters to be determined. For example, for a system of N interacting spins and without any symmetry, Ž . we have N N y 1 r2 dipolar couplings to determine five elements of the ordering matrix and Ž . 3 Ny2 coordinates. The minimum number of interacting spins required to derive information for such systems is given by the following expression:
The minimum value of N required to satisfy the w x condition of Eq. 15 is 7. For planar systems, the expression gets simplified as
in which case N should be minimum of 5. Similarly, for planar systems with C symmetry, it can 2¨ be shown that minimum number of interacting spins required should be 4.
If the number of independent dipolar couplings determined experimentally is less than the total number of the structural and order parameters to be determined, the system is said to be underdetermined, and it is not possible to extract the complete structural information without making some assumptions.
RELATION BETWEEN THE DIPOLAR COUPLINGS AND MOLECULAR STRUCTURE
Arithmetic expressions to relate dipolar couplings to the structural and orientational parameters of the molecules can be written. These expressions can be solved numerically using iterative procedures, or wherever possible analytically, to derive information on the molecular geometry. A few examples are discussed below.
A Linear Molecule with Three Interacting Spins
This is the simplest molecule whose structure can be studied using this technique. For example, if we take 1, 2, and 3 to be the three protons, then w x there are three dipolar couplings. Using Eq. 10 , they can be written as we can thus determine the relative internuclear distances from the two dipolar couplings. The order parameter can be determined from any of the three dipolar couplings if one of the internuclear distances is known.
Four Spin Systems with C Symmetry 3v
An example of such a system is a rotating methyl group with another atom situated on the symmetry axis, as shown in Fig. 7 . There are two dipolar Figure 7 Schematic showing a four-spin system of the type AX with C symmetry. 3 3 couplings that provide the desired information as follows. If the dipolar coupling within the methyl protons and the dipolar couplings between the methyl proton and the other atom are denoted as D and D , respectively, then
If ␤ is the angle the AX axis makes with the C -symmetry axis, and defining S as the order . w x S s S r2 3 cos ␤ y 1 2 5
A X C 3 w x w x Using Eq. 25 for S in Eq. 21 
w x Equation 32 can be used to derive information on the relative internuclear distance.
Four Spin Systems with C Symmetry 2v
The four spin systems with C symmetry shown Ž . Ž . D dir , and D dir , and the corresponding inter- 3 4 nuclear distances are denoted as r , r , r , and r , 
Ž
. w x 4r y r q r r4 4 6
Ž . This is identical to the denominator of the rightw x hand side of Eq. 45 . Hence, the numerators of w x w x the right-hand side of Eqs. 45 and 46 must be equal. The ratio of r rr can be expressed in terms of 2 1 w x the ratios of D rD using Eq. 37 Thus, using the four experimentally determined w x w x dipolar couplings, and using Eqs. 61 and 62 , it is possible to derive internuclear distance ratios.
Computer Program to Determine the Structure
As can be seen from the above examples, even for a simple case of four interacting spins, the relation between the dipolar couplings and the molecular geometry are governed by the expressions of the fifth order. Thus, the analytical solutions to these expressions are no longer easy and must be found iteratively by computer. For this, Ž . the computer program SHAPE 34 is available. This program, from experimental dipolar couplings and a trial set of order parameters and geometrical parameters, iteratively determines the shape of the nuclear skeleton and the elements of the ordering matrix by a least-square-fit technique. All independent dipolar couplings are fit- 
VIBRATIONAL CORRECTIONS TO MOLECULAR GEOMETRY
In general, molecules whose structures are determined are strictly not rigid. Molecules undergo vibrational motions in a period much shorter than the NMR time scale. A structure determined without taking these vibrations into account can give rise to internally inconsistent structures. For example, in a linear three-spin system of the type Ž . ABC, there is a shrinkage effect 35 . That is, the distance AC computed is always shorter than AB q BC. Moreover, the mean values determined for the internuclear distances using different techniques such as X-ray diffraction, infrared spectroscopy, microwave spectroscopy, and electron diffraction make use of the time average of different functions of internuclear distances.
² : For example, electron diffraction provides r ² y2 : and microwave provides r . That is, the vibrational motions are weighted differently in different techniques. Hence, for direct comparison between the structures determined using different techniques, and to get an internally consistent structure, it is necessary to correct the dipolar w x couplings for molecular vibrations. Equation 10 then has to be averaged over vibrational motions, and can be written as
In addition to vibrations, the dipolar couplings may be affected owing to anisotropic interactions of the solute with a liquid crystalline environment. Since the interaction between solute and solvent molecules is expected to depend on details of the configurational changes in the dissolved species, the interplay between molecular internal motion and reorientation also becomes important. This becomes evident when the tetrahedral molecules show unexpected splitting when aligned in liquid crystals. Because every symmetric second-order tensorial property of a tetrahedral system is isotropic by symmetry, such a system should not give rise to second-rank orientation. The observed splitting of a tetrahedral Ž . molecule such as methane 17 is explained by taking into account the deviation from the tetrahedral symmetry, through the vibration of these molecules, that induces anisotropy into the interaction with the liquid crystal environment. This interaction is between the anisotropic liquid crystal electric field and the vibrationally induced electric polarizability of the solute. That means one needs to consider the interaction that de-Ž . pends on both the orientation rotational and vibration of the solute molecules. Such an interaction is termed vibrational-rotation coupling. This coupling induces a correlation between the two modes. The theory which takes into account the vibrational and rotational coupling in the anisotropic media will treat this solvent solute Ž interaction as a tensorial of the second order 17, . 36 . The dipolar splitting is then shown to arise from both rigid and nonrigid molecule effects. The nonrigid contribution can be derived from the harmonic forcefield and the rigid molecule effect can be derived from cubic anharmonic forcefields. Furthermore, a lot of information is Ž . available in the literature 37 which provides much insight into solvent᎐solute interactions. This also takes into account the long-range contributions, which depend on the electronic property of the solute with the mean field of the solvent, and the short range contributions, which depend on the size and shape of the solute molecule, to the average orientation. Even the importance of the shape of the solvent molecule has also been em-Ž . phasized in one study 38 . To estimate all these effects accurately for a probe molecule, sufficient data must be available from other sources. Thus, to date, the application of these corrections to experimentally determined dipolar couplings to wide range of solutes is still limited. Application of a harmonic vibration correction for the probe molecules is, however, relatively easy if the valence forcefields are available. This harmonic vibrational corrections is discussed below.
If the molecular reorientation time is slow compared with the vibrational period, one can Ž safely assume that the two motions vibration and . rotation are uncorrelated and the molecule does not change in orientation during vibrations, and the average of D is between the two can be expressed by the Taylor series
The quantities ⌬ X , ⌬Y , and ⌬ Z are the 
The molecular structure calculated after the application of the harmonic corrections to the experimental dipolar couplings is referred to as the r structure. There may be certain differences ␣ Ž . between the equilibrium structure r and the r e ␣ structure which are due to the anharmonicity of the vibrational potential. However, the r struc-␣ ture is internally consistent and comparable with other techniques. For such a correction, the com-Ž . puter program VIBR 39 is available. The normal procedure is to start with molecular geometry, and S values are determined from the experimental dipolar couplings using the SHAPE program. Using the program VIBR, the dipolar couplings are corrected for harmonic vibrations.
The corrected values are used for a new fit of the structure and S values. The entire procedure is repeated until self-consistency is achieved. It should be pointed out that these corrections are significant for the directly bonded 13 C᎐H pairs and can be of the order of 3᎐4%. The prior requirement for the application of these corrections is the availability of valence forcefields for a particular system.
LIMITATIONS OF THE TECHNIQUE
As discussed earlier, there should be a sufficient number of dipolar couplings to derive structural and orientational parameters. This prescribes the lower limit on the number of spins for which the structural information can be derived. Theoretically, there is no upper limit on the number of interacting spins for which the structure can be derived. However, there are practical limitations to getting well-resolved spectra and the analysis. When the number of interacting spins exceeds 10, especially when there is no symmetry in the molecule, the spectra are broad and featureless. This prescribes the upper practical limit unless special procedures are followed.
PRACTICAL EXAMPLES
As practical examples, analyses of the spectra and the determination of the structural information are discussed for a few systems. With the lowering of the symmetry of the molecule, for an identical number of spins, the spectra become more complex. This is demonstrated by taking examples of three systems with D , C , and 6 h 2p lanar symmetries requiring one, two, and three elements of the ordering matrix, respectively, for the specification of the molecular orientation. It must be emphasized that though the practical examples taken are of rigid ring systems, the technique is applicable to flexible molecules as well.
( ) Studies on Benzene 40, 41
Spectra of benzene oriented in liquid crystals Ž . have been extensively studied 40᎐44 . Consequent to the sixfold symmetry of benzene, one element of the ordering matrix is sufficient to describe its orientation. There are three different Ž . Ž . proton dipolar couplings, D dir , D dir , and 12 13 Ž . D dir , corresponding to ortho, meta, and para 14 protons, respectively.
Analysis of the Spectrum
All six protons of the benzene are magnetically equivalent, and there is only one chemical shift. The spectrum is therefore symmetric about the center and a chemical shift is chosen to be its center. By symmetry consideration, there are 76 transitions allowed. As a first step, if we neglect the indirect spin᎐spin couplings, then only the dipolar couplings influence the spectrum. The dipolar couplings are computed assuming regular hexagonal geometry of the ring. For a regular hexagon, the distance between the ortho, meta, and para protons, and thereby the dipolar couplings, are related as 12 13 14 where the subscripts correspond to protons of benzene which are numbered sequentially. That Ž . is, essentially the parameter D dir determines 12 the spread of the spectrum. The change in S value results in the linear expansion or contraction of the spectrum. It is therefore possible to make a good guess of the starting values of dipolar couplings. The spectrum thus calculated resembles the experimental spectrum in such a way that the assignment of almost all lines is obtainable by comparing the spectra. Subsequently, analysis is carried out iteratively by varying all parameters affecting the spectrum.
It is interesting to note that the dipolar cou-Ž . plings can be derived analytically in this case 40 . In the 50 transitions observed of the 76 permitted, some transitions do not depend on the scalar couplings and can be easily assigned using the symmetry of benzene. The final analysis can be carried out iteratively.
The Table 1 . Structural information is also compared with that derived from other techniques in Table 2 .
The results demonstrate the significance of vibrational corrections, especially for ratios containing small distances such as, e.g., the direct C᎐H bond, and are of the order of 4%, whereas the corrections for H᎐H distance ratios usually may be neglected. 
Structure of Phenylphosphonic Dichloride ( ) 48
This is a six-spin system with C symmetry; the 2p roton spectrum is complex with several unknown parameters and therefore is discussed in detail.
Ž .
13
The proton Fig. 9 and fully coupled C spec-Ž . trum Fig. 10 of phenylphosphonic dichloride oriented in the liquid crystal ZLI-1167 have been studied to determine the relative positions of protons, phosphorus, and carbon nuclei in the molecule. Indirect HH, HP, HC, and CP couplings have been determined by the analysis of proton and 13 C spectrum in the isotropic phase.
Selection of the Starting Parameters and the Analyses of the Spectra
The structure of the molecule and the numbering of the spins are given in Fig. 9 , along with the geometry for the phenyl ring, the coordinates of each nuclei were estimated. Two elements of the ordering matrix, S and S , required to define X X ZZ the orientation, were guessed and the dipolar couplings calculated. Chemical shifts and indirect spin᎐spin couplings determined in the isotropic phase and the calculated dipolar couplings were used to simulate the spectrum. The dipolar couplings and chemical shifts have been varied iteratively, keeping the indirect spin᎐spin couplings constant during the iteration. When the analysis was complete without any ambiguity, there was exact overlap of simulated and experimental spectra. This has been demonstrated by plotting the simulated proton spectrum at the top of the experimental spectrum in Fig. 9 . Knowledge of CH and CP dipolar couplings provide information on the carbon positions of the molecule. This information can be obtained Ž . from either a analysis of the proton or the phosphorus spectrum including 13 C satellites, or Ž . 13 b analysis of the fully coupled C spectrum. Analysis of the satellite spectrum is generally imprecise, because all lines are not observable owing to overlap of intense peaks from the abundant protons or phosphorus; the analysis of fully coupled 13 C spectrum has therefore been carried out. The molecule has four nonequivalent carbons. Corresponding to each of these nonequivalent carbons, there are four seven-spin systems of the type AA X BB X CMX, where M and X correspond to carbon and phosphorus, respectively. . The entire C spectrum M part of AA BB CMX is an overlap of four seven᎐spin spectra of the type AA X BB X CMX. The analysis of the 13 C spectrum corresponding to each of the nonequivalent carbons has to be carried out separately.
Analysis of the proton spectrum provided information on the proton and phosphorus skeleton, and also the values of S and S . Using
X X ZZ
this information, and assuming values of the C᎐C and C᎐H bond distances of 1.395 and 1.1 A, respectively, CH, CP dipolar couplings can be estimated and used as the starting parameters for the analysis of the 13 C spectra. Indirect spin᎐spin couplings and the HH and PH dipolar couplings determined from the analysis of the proton spectrum were not iterated further. All four simulated spectra when coadded reproduced the experimental 13 C spectrum. The individual spectra corresponding to each of the carbons and the coadded spectra are shown in Fig. 11 .
Interpretation of the Dipolar Couplings
The analysis of the proton and the carbon-13 spectra should, in principle, provide 29 independent dipolar couplings. However, for spin systems of the type Figure 11 Simulated spectra of various carbons of phenylphosphonic dichloride b᎐e are Ž . for the carbons labeled 7, 8, 9, and 10, respectively; a is the superposition of the above four spectra.
cially when they are studied in thermotropic nematic liquid crystals. The variance and covariance matrix of the derived parameters show that the covariances between some of the dipolar couplings and between some of the chemical shifts are large, indicating that these dipolar couplings and chemical shifts cannot be derived independently and precisely from the spectrum. However, careful study of such a variance and covariance matrix reveals that it is possible to choose pairs of dipolar couplings and pairs of chemical shifts whose covariances are very large. These dipolar couplings and chemical shifts when iterated as sums provide precise values. Such spectra are called deceptively simple. Thus, the analyses of such spectra do not provide all possible dipolar couplings independently.
In the present discussion on the molecule phenylphosphonic dichloride, such a situation is observed, and it is not possible to derive all 29 dipolar couplings. Nine dipolar couplings have been determined only as sums of some of the couplings. Thus, only 20 independent dipolar couplings have been determined. Two of these dipolar couplings are needed for determination of the two elements of the ordering matrix. If the distance between the protons numbered 3 and 5 Ž . Fig. 9 is fixed for scaling, then Z coordinates of phosphorus, two carbons and proton along the C 2 axis and X and Z coordinates of the proton numbered 2 and carbons numbered 8 and 9 are to be determined. Ten independent coordinates fix the complete proton, carbon, and phosphorus positions of the molecule. Thus, the system is overdetermined by eight dipolar couplings. The spectral, structural, and orientational parameters of the molecule are reproduced in Tables 3 and 4 . It should be pointed out that structural parameters are uncorrected for molecular vibrations.
( ) ( ) Structure of Benzo b tellurophene 49
This example clearly depicts the complex nature of the spectrum as the symmetry of the molecule is lowered. The molecule has a planar symmetry with six-and five-membered rings fused together. The six protons forms a spin system of the type ABCDEF. The proton spectrum and the numbering of the interacting spins are reproduced in Fig.  12 . As can be seen from the figure, the spectrum is very complex compared to previous two examples. The analysis of such a spectrum is very tedious compared to earlier two examples, especially because all chemical shifts in the anisotropic phase and dipolar couplings are unknown for the system. However, the strategy adopted for the analysis is not different, and hence the analysis and interpretation of the dipolar couplings are not discussed in detail.
The molecule requires three elements of the ordering matrix to define its orientation and eight distance ratios to completely specify its proton skeleton. The dipolar couplings have been estimated assuming the hexagonal and pentagonal geometry for the six-and five-membered rings, respectively. Dipolar couplings and isotropic chemical shifts have been varied iteratively to analyze the spectrum.
The analysis provided 15 independent dipolar couplings. Therefore, the system is overdetermined by four dipolar couplings. Fixing the coordinates of two protons for scaling, the three-order parameters and eight coordinates of the remaining four protons have been determined iteratively. The spectral and structural parameters are reproduced in Tables 5 and 6 . It should be noted that the structural parameters have not been corrected for harmonic vibrations.
METHODS TO AID THE ANALYSIS
As mentioned earlier, analysis of spectra with more than seven or eight interacting spins is at times a formidable task because of their complexity. Several techniques have been and are being developed to aid in analysis of the complex spec- Ž . technique 77 . However, each of the developed techniques has some practical difficulties, and hence so far none has been used as a routine method for the determination of molecular geometry. More advances in the field are on the way. The availability of ultrahigh-field magnetic fields Ž . gigahertz and the sensitivity enhancement in the modern spectrometers provide a bright future for the technique. High magnetic fields can cause a small degree of alignment of molecules in isotropic solution owing to anisotropic magnetic sus-Ž . ceptibility 78᎐83 . This takes care of the difficulties encountered in analyses of the complex spectra of oriented systems. Another method that Ž . Figure 12 Structure and numbering of the molecule benzo b tellurophene along with the Cartesian coordinate system chosen and its proton NMR spectra at 270 MHz, oriented in the liquid crystal ZLI-1167. Table 5 Table 6 Structural and Orientational Parameters in Benzo b tellurophene Oriented in ZLI-1167
( )
